The uterosacral ligaments (USLs) are key support structures of the uterus and upper vagina. Previously, we have shown that HOXA11 is necessary for the development of the USLs, is deficient in women with pelvic organ prolapse (POP) and regulates expression of extracellular matrix (ECM) proteins. Here we sought to determine if HOXA11 regulates cell proliferation in the USLs in women. Like others, we have found that, there is decreased cellularity in prolapsed USLs compared to USLs in women with normal pelvic support. We have also demonstrated that HOXA11 promotes cell proliferation in murine fibroblasts and primary human USL cells in vitro. These findings support a relationship between HOXA11 expression, rates of proliferation and phenotypic abnormalities in the USL. Based on these findings, we sought to determine if HOXA11 regulates p53, a tumor suppressor gene which controls progression through the cell cycle and regulates ECM genes. We have demonstrated that expression of HOXA11 represses expression of p53, suggesting a mechanism by which HOXA11 regulates of the morphology and integrity of the USLs. A better understanding of the influence of these genes on the homeostasis of the ECM and interactions with each other may prove beneficial in defining the underlying etiologies of the development of POP and aid in the development of new treatment options for women with this disorder.
INTRODUCTION
The uterosacral ligaments (USLs) are comprised of collagen, smooth muscle, elastin, and nerve bundles. [1] [2] [3] They act as key support structures of the uterus and upper vagina. 4 In pelvic organ prolapse (POP), the USLs are often attenuated, leading to descent of the pelvic organs. 3 Although POP is a prevalent disorder, affecting an everincreasing number of women, little is known about the molecular mechanisms involved in the development of POP. [5] [6] [7] [8] [9] [10] There are alterations in the smooth muscle content and extracellular matrix (ECM) metabolism as well as increased apoptosis and decreased cellularity in the USLs of women with POP. 3, [8] [9] [10] [11] Biomechanical studies have also shown decreased strength of prolapsed USLs compared to normal controls. 12 Homeobox genes (HOX) are evolutionarily conserved genes encoding transcription factors that regulate mammalian embryonic growth. 13 The HOXA genes regulate the development of the urogenital tract. 13 Previously, we have shown that HOXA11 is responsible for the development of the USLs and regulates the expression of collagen type III and matrix metalloproteinase 2 (MMP2). 14 Additionally, we have shown that the expression of HOXA11 is dramatically decreased in the USLs of women with POP.
The primary aim of this study was to determine whether HOXA11 regulates cell proliferation in the USLs in women. Like others, we have found that there is decreased cellularity and less smooth muscle content in prolapsed USLs compared to USLs in women with normal pelvic support. 11, 15, 16 Here, we have also shown that HOXA11 promotes cell proliferation, suggesting that decreased HOXA11 expression in the USLs in women with POP leads to decreased cell proliferation. Based on these findings, our secondary aim was to determine whether HOXA11 regulates p53, a tumor suppressor gene, which controls progression through the cell cycle. We have demonstrated that the expression of HOXA11 decreases the expression of p53, which may be a potential mechanism by which HOXA11 maintains the integrity of the USLs.
METHODS

Acquisition of Human Tissue
All experiments were performed with the approval of the Yale Human Investigation Committee. Specimens were collected from 22 women undergoing hysterectomy for benign indications. Prior to surgery, a pelvic examination was performed to evaluate for the presence of POP. Uterovaginal prolapse was graded according to the POP quantification system advocated by the International Continence Society. 17 Women with stage II POP or greater were assigned to the POP group. Women with no evidence of POP were assigned to the control group. Data regarding age, menopausal status, and parity were recorded.
At the time of surgery, 3 to 5 mm samples of the USL were taken from the proximal ligament at its insertion into the cervix, where the ligament is consistently identifiable. Specimens were promptly placed in 10% formalin for immunohistochemistry. A portion from a specimen obtained from a patient with normal support was placed into a serum-free Dulbecco's modified Eagle's medium for digestion and propagation of a primary cell culture.
Immunohistochemistry
Formalin-fixed specimens were embedded in paraffin and sectioned into 5-mm thickness and fixed to glass slides. Slides of each specimen were processed as previously described. 13 In brief, the slides were incubated overnight at 4 C with antibodies specific for either HOXA11 (Abcam, Inc, Cambridge, MA) in a 1:250 concentration or a-smooth muscle actin (Santa Cruz Biotechnology, Santa Cruz, CA) in a 1:500 concentration. The slides were then washed and incubated in ABC Elite (Vector Laboratories, Burlingame, CA), followed by 3,3-diaminobenzidine (Vector Laboratories). Slides receiving ABC Elite with rabbit and mouse immunoglobulin G (IgG) as the primary antibody were used as negative controls.
Photographs of serial sections of the entire slide for each specimen were taken at a magnification of Â40 under the same lighting conditions. Images were digitally analyzed using the AxioVision Version 4.6 digital image processing software (Carl Zeiss MicroImaging GmBH, Germany). Using the digital analysis program, 22 slides were evaluated for cell count: 6 premenopausal control and POP specimens, 4 premenopausal control specimens and 6 postmenopausal POP specimens were evaluated. Areas of vascular smooth muscle were excluded from analysis. The nuclei were counted in each area staining positive for a-smooth muscle actin and separately in the connective tissue for each field. The nuclear counts were then averaged in both the smooth muscle and connective tissue compartments. HOXA11 expression was determined by counting the number of positively stained nuclei per 100 cells in each field.
Cell Culture
A primary cell culture was generated by digesting tissue and 2.5% collagenase and .1% DNAse I. The primary cultures and NIH/3T3 mouse fibroblast cells (ATCC, Manassas, VA) were cultured at 37 C in 90% Dulbecco's modified Eagle's medium with 4-mmol/L L-glutamine adjusted to contain 1.5 g/L sodium bicarbonate and 4.5 g/L glucose and 10% fetal calf serum. Medium was changed every 3 to 4 days and cells were passaged at 70% confluence.
Bromodeoxyuridine Proliferation Assay
Both the NIH 3T3 cells and the primary USL cells were seeded in 6 well plates at a concentration of 1 Â 10 5 cells and incubated overnight to approximately 70% confluence. They were then transfected with a pTriEX-4 vector with a cytomegalovirus promoter constitutively expressing HOXA11 (human cells) and Hoxa11 (mouse cell line) or with an empty vector using Mirus LT1 transit according to the manufacturers protocol (Novagen, North America). The vectors with the HOXA11 inserts were a generous gift from the Gunter Wagner Laboratory (Yale University). A total of 20 mL of bromodeoxyuridine (BrdU) was added to each well and incubated for 2 hours at 37 C according to the manufacturer's protocol (BD Biosciences Pharminogen, San Diego, CA). Bromodeoxyuridine was not added to the wells that were used as negative controls. The medium was removed from the wells, and the wells were washed with phosphate-buffered saline (PBS). The cells were fixed and permeabilized by adding 100 mL of prewarmed fixation buffer to each well and incubating for 20 minutes at room temperature (RT). Cells were washed twice with 100 mL of Perm-Wash buffer then treated with 100 mL of CytoPerm Plus for 10 minutes at RT, followed by cytofix/cytoperm solution for 5 minutes at RT. The fetal bovine serum (FBS) was removed and the DNA in the cells was denatured by adding 50 mL of the sterile DNase I solution to each well and incubated for 1 hour at 37 C. The DNase I solution was removed from the wells and washed once with 100 mL of perm-wash buffer. The cells were washed twice with perm-wash buffer then blocked with 100 mL of 5% milk in PBS and incubated for 1 hour at RT. The cells were stained with 50 mL of the antibody solution and incubated for 1 hour at RT followed by the addition of BrdU conjugated to fluorescein isothiocyanate (FITC) for 1 hour at RT. The wells were washed twice in 100 mL of PBS. The nuclei were counterstained with 4,6-diamidino-2-phenylindole (DAPI) solution. Slides were evaluated under Â60 magnification. Each well was divided into 4 quadrants. Cell counts were performed in each quadrant. The percentage of positive BrdU stained cells were counted per 100 cells in each area. Data were analyzed using the 2-proportion z test.
Effect of Expression of HOXA11 on Regulation of p53
NIH3T3 cells and USL cells were seeded at 1 Â 10 5 cells in 6 well plates and transfected with the HOXA11 vector and the empty vector as described above. After 24 hours of transfection, total RNA was isolated with TRIzol reagent according to the manufacturer's protocol (Invitrogen Corporation, Carlsbad, CA). The optical density (OD) of the RNA was measured using SmartSpex 300 (Bio Rad, Hercules, CA) at 260 nm to determine concentration. The purity of RNA specimens was assessed using the OD 260:280 ratios. One microgram of the total RNA was reverse transcribed using the Eppendorf Mastercycler (Eppendorf of North America) and the BioRad iScript complementary DNA (cDNA) synthesis kit. The reaction mix was incubated for 5 minutes at 25 C, 30 minutes at 42 C, and 5 minutes at 85 C according to the manufacturer's protocol. The expression of p53 was evaluated using quantitative real-time polymerase chain reaction (PCR) with the following cycling conditions: preincubation at 95 C for 3 minutes, followed by 40 cycles of denaturation at 95 C for 15 seconds, annealing at 60 C for 20 seconds, and extension at 72 C for 25 seconds. The melting curve of each sample was routinely determined. All specimens were run in duplicate. The primer sequences for the p53 were as follows: forward: 5 0 -TGAAACGCCGACCTATCCTTA-3 0 and reverse: 5 0 -GGCACAAACACGAACCTCAAA-3 0 . The primer sequences for the b-actin were as follows: forward 5 0 -AGAGGGAAATCGTGCGTGAC-3 0 and reverse 5 0 -CAATAGTGATGACCTGGCCGT-3. 0 The formula 2 -ÁCt was used to compare relative values of RNA.
STATISTICS
Statistical analysis was performed with Excel software (Microsoft Office 2003). The results of the cell counts and relative messenger RNA (mRNA) expression of p53 are expressed as mean + SEM. Data between the groups were compared using the unpaired Student t test. The HOXA11 expression and proliferation data using BrdU assays are reported as the percentage of cells expressing HOXA11 and percentage of proliferating cells incorporating intranuclear BrdU in each Â60 field evaluated. Data were analyzed using the 2-proportion z test. A P value less than .05 was considered statistically significant for all data analyzed.
RESULTS
Cell counts of all slides revealed an overall lower cellularity in the prolapsed USLs compared to control USLs in both the premenopausal (4.4 + 0.93 vs. 9.7 + 2.2 nuclei per 1000 mm 2 , P < .001) and postmenopausal groups (4.7 + 2.2 vs. 10.8 + 1.7 nuclei per 1000 mm 2 , P < .001). This difference persisted in both the smooth muscle Figure 1 ). The percent of proliferating cells expressing HOXA11 in each 60Â field was significantly decreased in the USLs compared to controls (26.2% + 6.2% vs. 60.2% + 10.1%, z ¼ 2.675, CI ¼ 99.8%, P < .01) in the premenopausal group and (16.4% + 6.5% vs. 54.6% + 8.1%, (z ¼ 3.139, CI ¼ 99.8%, P ¼ 0.01) in the postmenopausal group (Figure 2) .
To determine whether decreased expression of HOXA11 is directly associated with decreased cellularity in the prolapse USLs, we sought to determine whether HOXA11 influences proliferation rates by constitutively expressing HOXA11 in NIH3T3 cells and primary USL cells. Bromodeoxyuridine assays showed that HOXA11 increases the proliferation rate in both the mouse and human cells by 15.4% (z ¼ 1.687, CI ¼ 90.8%, P < .05) and 21.2% (z ¼ 1.88, CI ¼ 94%, P ¼ .03), respectively ( Figures 3A, B and 4) . To further explore potential mechanisms of this resultant increased cellularity, we evaluated the influence of HOXA11 on the expression of p53, which regulates the cell cycle and is intimately involved in cell proliferation and apoptosis. Constitutive expression of HOXA11 in the primary USL cells led to a decrease in the expression of p53 mRNA as determined by real-time polymerase chain reaction (PCR; P < .05; Figure 5 ).
DISCUSSION
Here, we have demonstrated decreased cellularity in the USLs of women with POP, a finding consistent with prior studies. 15, 16 Previously and here, we have also shown a decrease in the expression of HOXA11 in women with POP. Constitutive expression of HOXA11 led to increased proliferation of cells in vitro. These findings support a relationship between HOXA11 expression, rates of proliferation, and phenotypic abnormalities in the USL. Further exploration demonstrated that the expression of HOXA11 not only increased cell proliferation but also decreased p53 mRNA expression, suggesting a mechanism by which HOXA11 promotes cells to proliferate and may attenuate apoptosis.
Normal development and maintenance of tissues require a balance between complex processes of proliferation and cell death, both of which involve the participation of many genes. 18 Hoxa11 is required for proper cellular proliferation and apoptotic responses in the developing neonatal uterus and is necessary for the development of the USLs. 18, 13 In both humans and mice, this gene has been shown to persist in the adult reproductive tract and is thought to play an important role in maintaining plasticity of the uterus during times of hormonal and structural changes that occur during the menstrual cycle and in pregnancy. 13, 19, 20 The p53 gene encodes a transcription factor that regulates key cellular processes, including cell cycle arrest, DNA repair, apoptosis, and senescence in response to stress signals. 21 The tightly regulated expression of p53 ensures genetic integrity of cells and prevents the proliferation of abnormal cells. p53 is maintained at low levels in the cell but becomes rapidly stabilized and activated in response to DNA damage, hypoxia, hyperproliferation, and other types of cellular stresses. 21 p53 is expressed during the late gap 1 (G1) phase and prevents cells from entering the synthesis (S) phase. 22 The ability of cells to stop in the late G1 phase of the cell cycle is important for the maintenance of genome stability, as it prevents the replication of damaged DNA and propagation of aberrant cells. 18, 21, 22 Recent studies suggest that the tumor suppressor p53 plays an important role in regulating ECM homeostasis. 23 Expression of p53 in fibroblasts inhibits the formation of fibronectin fibrils, and inhibition of p53 expression increases fibronectin synthesis. 24, 25 Embryonic fibroblasts lacking p53 have increased type I collagen gene (COL1A2) promoter activity and collagen synthesis, indicating the physiological significance of cellular p53 in regulation of collagen gene expression. 23 Wild-type p53 also stimulates the synthesis of MMP2. [26] [27] [28] These results suggest a novel function for p53 in physiological regulation of connective tissue homeostasis. The significance and molecular mechanisms underlying p53 regulation of ECM gene expression are largely unknown.
Our results, like other authors, have shown decreased cellularity in the USLs of women with POP compared to controls, suggesting that decreased proliferation may be occurring in these deficient supportive ligaments. 11, 15, 16 Our findings of increased proliferation rates and repression of p53 following acute upregulation of HOXA11 in murine fibroblasts and primary USL cells suggest that HOXA11 regulates a pathway involving inhibition of p53 to promote proliferation of healthy USL cells, perhaps following injury and subsequent DNA repair.
As mentioned above, p53 stimulates expression of MMP2. 28 Consistent with this finding, we have previously shown that constitutive expression of HOXA11 results in decreased expression of MMP2. Whether this is a direct interaction of HOXA11 interacting at a binding site in the promoter of MMP2 directly or the indirect result by repressing p53 has yet to be determined. This may also be another mechanism by which HOXA11 promotes synthesis of structural ECM proteins in USLs.
Two studies have looked at the expression of p53 in the USL biopsy specimens and cultured primary cardinal ligament cells of women with and without POP. Bai et al demonstrated decreased expression of p53 in USL biopsy specimens from POP postmenopausal women compared to controls. 29 Yamamoto et al showed that in cultured cardinal ligament cells, the growth rate during the logarithmic growth phase was not different between POP and control cells; however, the cell density at confluence (saturation density) was significantly higher in the POP cells and p53 protein and gene transcripts were decreased. 30 These studies suggest that the expression of p53 is decreased in damaged prolapsed USLs with decreased cellularity in vivo as a potential compensatory mechanism and in cardinal ligament cells near confluence (which have surpassed the logarithmic growth phase) in vitro. Our findings suggest repression of p53 during acute stimulation of proliferation. Combined, these results reflect the critical importance of regulated p53 gene activity; the requirement for changes depends on the state of the cells and the need for a proliferative response during development or tissue repair.
CONCLUSION
Compared to women with normal uterine support, women with POP have USLs with decreased cellularity and decreased expression of HOXA11, which is necessary for the development and maintenance of these ligaments. Increased proliferation rates and decreased expression of p53 occur following acute upregulation of HOXA11 in murine fibroblasts and primary USL cells, suggesting that HOXA11 regulates a pathway involving inhibition of p53 allowing the proliferation of healthy USL cells following injury. A better understanding of the influence of these genes on the homeostasis of the ECM and interactions with each other may prove beneficial in defining the underlying etiologies of the development of POP and aid in the development of new treatment options for women with this disorder.
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